onventional methods for myocardial revascularization, including percutaneous coronary intervention and coronary artery bypass grafting, are often limited because of diffuse atherosclerotic lesions or smallcaliber vessels. Angiogenic therapy to induce myocardial neovascularization is not dependent on vessel caliber and is an alternative treatment alone or in combination with conventional revascularization. Angiogenic therapies using angiogenic growth factor proteins or gene transfection of DNA encoding angiogenic growth factors might promote the growth of new vessels and induce collateral development for advanced ischemic heart disease. [1] [2] [3] Recent animal studies have suggested that cell transplantation can induce angiogenesis and thus improve regional perfusion and cardiac function. 4, 5 Autologous bone marrow mononuclear cells have been transplanted as the sole approach or as adjunct therapy for patients with severe ischemic heart disease. [6] [7] [8] Bone marrow mononuclear cells have also been transplanted into patients with acute myocardial infarction (MI). [9] [10] [11] [12] Stem cells derived from bone marrow can participate in repair of the diseased myocardium by promoting angiogenesis via angiogenic cytokine secretion, and not through transdifferentiation into heart muscle or incorporation into vessel walls. 13, 14 The liver has remarkable regenerative ability and it contains parenchymal cells comprising hepatocytes and nonparenchymal cells. The latter constitutes 20% of the liver tissue and includes stellate cells, Kupffer cells, lymphocytes, and endothelial cells. 15 Stellate cells produce various growth factors including hepatocyte growth factor (HGF), transforming growth factor-1 (TGF-1) and basic fibroblast growth factor (bFGF), whereas endothelial cells produce vascular endothelial growth factor (VEGF). HGF has cytoprotective and angiogenic activities, and functions in organogenesis and tissue regeneration. 16, 17 The omentum produces VEGF, the potent angiogenic properties of which have been used clinically to promote wound healing and to stimulate the revascularization of ischemic tissues. 18, 19 We postulated that hepatic tissue implantation would induce angiogenesis and restore cardiac function to the infarcted heart. The present study evaluated the ability of hepatic tissue implantation to enhance the angiogenic benefits of omental wrapping, reduce ventricular remodeling and improve cardiac function in a rat model of MI.
Methods

MI Model
Adult male Sprague-Dawley rats (n=20) weighing 275-320 g received humane care in compliance with the "Rules of the Animal Experimentation Committee, Kumamoto University, Graduate School of Medical Sciences" and the "Guidelines for Animal Experimentation (1987)" published by the Japanese Association for Laboratory Animal Sciences. The study protocol was approved by the Animal Experimentation Committee of Kumamoto University. Ventilated animals were anesthetized by ether inhalation 
C
and a subsequent intraperitoneal injection of pentobarbital. Left thoracotomy through the fourth intercostal space proceeded under sterile conditions. The left anterior descending coronary artery was ligated approximately 2-3 mm distal from its origin with a 6-0 polypropylene suture. 20 The peritoneal cavity was entered and the omentum was dissected from the great curvature of the stomach while preserving the arch structure of the gastroepiploic artery. The pedicled omentum was passed from the peritoneal cavity into the mediastinum. Thirty minutes after coronary ligation, the animals were assigned to 3 groups. The epicardium of the infarcted area was abraded and the infarcted area was wrapped with the pedicled omentum in the omentopexy (O) group (n=9). In the hepatic tissue implantation (H) group (n=11), 1 g of hepatic tissue resected from the left lobe of the liver was placed over the area of infarcted myocardium, followed by omental wrapping. No significant sequelae arose after hepatic tissue resection. The control (C) group (n=6) received no additional treatment after undergoing MI. After reaching hemodynamic stability, the chest and abdomen were closed and the animals were left to recover. All animals were killed 4 weeks after treatment except for 6 animals that used for RT-PCR analysis.
Cardiac Function Study
Cardiac function in the 3 groups was measured before and 4 weeks after acute MI using echocardiography (SONOS 4500, Philips, Eindhoven, The Netherlands). Left ventricular end-diastolic and end-systolic dimensions were measured and fractional shortening of the left ventricle was calculated.
Morphometric Study
After completing the physiological study, hearts arrested at diastole by infusing 15% KCl through the left carotid artery were excised, weighed, coded and then fixed in 10% buffered formalin. Four short-axis, 3-mm-thick slices were prepared from the ventricles, embedded in paraffin and then sliced into 5-m sections for subsequent morphometric and histopathological evaluation. The sections were stained with Sirius red (Polysciences, Warrington, PA, USA) and assessed using a colored-image analysis system comprising a microscope (SZH10, Olympus, Tokyo, Japan) with a video camera at ×7 magnification (KY-F55MD, Olympus) (Fig 1) . Ventricular morphology was evaluated using image analysis software (Mac SCOPEC, Mitani Corporation, Fukui, Japan). The bottom of the third slice from the apex of the heart that represented the mid-papillary level of the left ventricle was morphometrically analyzed. Infarct size was determined as the ratio (%) of epicardial and endocardial circumference occupied by the infarct on all heart slices and calculated as follows: 21 Infarct size (%) = (infarct endocardial length/total endocardial length)/2+(infarct epicardial length/total epicardial length)/2. Infarcted wall thickness was determined as the ratio of the thickness of the infarcted wall to that of the non-infarcted septal wall. Left ventricular cavity area and total left ventricular area were measured and the expansion index was calculated as follows: Expansion index = (left ventricular cavity area/total left ventricular area) × (non-infarcted septum thickness/infarct wall thickness). Collagen positivity was calculated using the same image analysis software as areas stained with Sirius red. Collagen density (%) is expressed as the ratio of the area of collagen to that of the total myocardial tissue.
Histological Study
The sections were stained with hematoxylin-eosin. We detected angiogenic activity by staining endothelial cells with anti-von Willebrand factor antibody (Zymed, South San Francisco, CA, USA) and smooth muscle cells were stained with antibody to -smooth muscle actin (Dako, Glostrup, Denmark). Capillaries were identified as having a diameter <20 m, a thin layer of endothelial cells and no smooth muscle cells. Arterioles were similarly identified as being ≥20 and <100 m, with a thin layer of smooth muscle cells. 22 Ten fields in the border zone at ×400 magnification were examined, and number of blood vessels presented as means per unit area (0.2 mm 2 ). The border zone is the region between the transmural infarct containing only necrotic tissue and outer non-infarct area containing only normal tissue. Cardiomyocyte apoptosis was determined by terminal deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) assays using the Apop Tag ® Plus In Situ Apoptosis Detection Kit (Chemicon, Temecula, CA, USA). Total and TUNEL-positive cardiomyocyte nuclei were counted in the same area of 8 fields in the border zone at ×400 magnification. The amount of apoptotic cardiomyocytes is expressed as the proportion of TUNEL-positive cardiomyocyte nuclei to the total number of cardiomyocyte nuclei.
RT-PCR of Growth Factors
We killed 3 rats each from the O and H groups 1 week after treatment and sampled tissues for RT-PCR analysis of angiogenic growth factors. We reverse-transcribed 5 g of total RNA obtained from wrapped tissue in the border zone using the SUPERSCRIPT II kit (Invitrogen, Carlsbad, CA, USA). We designed specific oligonucleotide primers for rat angiogenic growth factors using Primer Express software (Applied Biosystems, Foster City, CA, USA) as follows: bFGF forward, 5'-ATCACTTCGCTTCCCGCACT; reverse, 5'-AGTATGGCCTTCTGTCCAGG; HGF forward, 5'-CG-ACCGGCTTGCAACAGGAT; reverse, 5'-GCCAAACCC- 
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TTTTTTCACTCCACT; VEGF forward, 5'-ACTGCTGT-ACCTCCACCATG; reverse, 5'-ACCGCCTTGGCTTGTC-ACAT. The forward and reverse primers for GAPDH were 5'-TGGCACAGTCAAGGCTGAGA and 5'-CTTCTGA-GTGGCAGTGATGG, respectively. Angiogenic growth factors were amplified by RT-PCR using 0.5 l of reverse transcriptase reaction in a total volume of 25 l and Taq polymerase (Takara Shuzo, Otsu, Japan). The PCR conditions were 18 cycles of 94°C for 30 s, 60°C for 1 min and 72°C for 1 min for GAPDH (control), and 28 cycles for bFGF, VEGF, and HGF.
Statistical Analysis
All values are expressed as means ± SD. Data were statistically evaluated using the analysis of variance (StatView 5.0, SAS Institute, Berkeley, CA, USA). Dichotomous variables were compared using Fisher's exact test. Differences were considered statistically significant at p<0.05.
Results
Cardiac Function
Fig 2 shows echocardiograms taken in M-mode before and 4 weeks after treatment. The left ventricular end-diastolic and end-systolic dimensions were increased at 4 weeks in each group. Table 1 summarizes cardiac function measured by echocardiography. Left ventricular end-systolic dimension at 4 weeks was significantly smaller in the H group than in the C and O groups. Significantly more fractional shortening was evident at 4 weeks in the H group than in the C group (p<0.05).
Morphological Analysis
Infarct size was significantly smaller (p<0.05 ; Fig 3a) , the ratio of infarcted to non-infarcted wall thickness was significantly higher (p<0.05; Fig 3b) and the left ventricular expansion index was significantly lower (p<0.01; Fig 3c) in the H group than in the C group. Fig 4 shows sections from the H group stained with hematoxylin-eosin, as well as von Willebrand factor and -smooth muscle actin antibodies. At 4 weeks after treatment, hepatic tissue implanted between the myocardium and omentum at the infarcted area and border zones contained many capillaries and arterioles.
Histological Analysis
Capillary density in the infarct border zone was significantly higher in the H group (16.3±2.5/0.2 mm 2 , p<0.01) compared with the C group (11.5±3.5/0.2 mm 2 ) (Fig 5a) . Arteriolar density was significantly higher in the H group (1.5±0.6/0.2 mm 2 , p<0.05) compared with the C group (0.9±0.3/0.2 mm 2 ) (Fig 5b) . Collagen stained with Sirius red was localized to the infarct area of the H group, but detecta- 
Circulation Journal Vol.72, November 2008
ble in the infarcted area and widely scattered in the border zones of the C and O groups (Fig 1) . Collagen density (%) was significantly reduced in the H group (10.5±3.2%, p<0.05) compared with the C group (14.3±2.1%) (Fig 6) . Cardiomyocytes were TUNEL-positive in the infarct, border zones and non-infarcted tissues from all 3 groups. The ratio of TUNEL-positive cardiomyocytes in the border zone did not differ among the 3 groups. Fig 7 shows RT-PCR analysis of angiogenic growth factor expression at 1 week after treatment. The omentum expressed bFGF and VEGF, but not HGF, in the O group, whereas hepatic tissue wrapped with omentum from the H Group expressed HGF and elevated levels of bFGF and VEGF.
RT-PCR Analysis of Angiogenic Growth Factors
Discussion
The major findings of the present study are as follows. Hepatic tissue implantation combined with omental wrapping stimulated angiogenesis, reduced infarct expansion, attenuated left ventricular remodeling after MI and consequently improved cardiac function in the infarcted rat heart. Angiogenesis enhanced by hepatic tissue implantation might be associated with a paracrine mechanism of releasing various angiogenic growth factors. This study is the first to use hepatic tissue implantation to promote angiogenesis and restore cardiac function in an animal model and the results demonstrate that hepatic tissue implantation into the compromised myocardium is feasible, safe and effective.
Cell therapy is becoming an important novel modality for restoring function in patients with few viable myocytes in an infarcted region. 7, 23, 24 Candidates for cell transplantation include bone marrow-derived mesenchymal and nonmesenchymal stem cells, skeletal myoblasts, and cardiac stem cells. Cell transplantation is based on the concept that stem cells with myogenic and/or angiogenic potential might compensate for cardiomyocyte loss and improve myocardial blood flow. Recent studies suggest that stem cells derived from bone marrow can participate in the repair of diseased myocardium through a paracrine mechanism; namely, angiogenesis is promoted by the secretion of various angiogenic cytokines, and not through transdifferentiation into heart muscle or incorporation into vessel walls. 13, 14 However, the omentum has angiogenic properties and it has been used clinically to promote wound healing and to stimulate revascularization of ischemic organs and tissues. 19, 25 In 1936, O'Shaughnessy introduced cardio-omentopexy, in which the ischemic heart was wrapped with a pedicled omental graft directed through the left diaphragm. 26 Vineberg subsequently introduced internal thoracic artery implantation, epicardiectomy and free omental grafting. 27 Those procedures were gradually abandoned for clinical use, because omentopexy did not result in sufficient revascularization. Zhang et al reported that VEGF is the major angiogenic factor produced by the omentum and that it might underlie the mechanism of omentum-induced angiogenesis. 18 Ueyama et al described a novel revascularization technique in a rabbit model of MI, in which a gelatin hydrogel sheet incorporating bFGF was placed over the infarcted area and wrapped with pedicled omentum. 28 Originally identified as a mitogen for hepatocytes, HGF has mitogenic, motogenic, and morphogenic activities in various cell types via c-Met/HGF receptor trypsin kinase. 29 HGF also has cytoprotective and angiogenic activities, and has a role in organogenesis and tissue regeneration. 17 We postulated that hepatic tissue implantation combined with omental wrapping would participate in repair of the diseased myocardium by promoting angiogenesis and by ameliorating ventricular remodeling after MI.
The present findings showed that hepatic tissue implantation combined with omental wrapping increased capillary and arteriolar density at the infarct border zone and reduced collagen density, which morphologically appeared as reduced infarct size and a thinner infarcted wall. These activities might consequently ameliorate cardiac dysfunction after MI. The RT-PCR findings revealed the expression of mRNA for HGF, bFGF and VEGF, suggesting that implanted hepatic tissue secretes angiogenic growth factors. These growth factors enhance angiogenesis and arteriogenesis, and improve myocardial blood flow. After MI, various growth factors, angiotensin II and endothelin play important roles in the regulation of angiogenesis, collagen production, and ventricular remodeling. 30 The significantly reduced collagen density in the H group might be associated with the cytoprotective activity of HGF, which prevents tissue fibrosis by suppressing TGF-and type I collagen. 16 In our preliminary experiments, the infarcted heart was simply wrapped with the pedicled omentum, which weakly adhered to the pericardium without significant blood vessel communication with the myocardium. Ueyama et al reported that omental wrapping alone does not significantly reduce infarct size or restore cardiac function in a rabbit infarction model. 28 Moreover, to implant hepatic tissue on the epicardial surface of the infarcted heart without wrapping is technically difficult. Therefore, we removed the epicardium of the infarcted area, implanted hepatic tissue onto the myocardium, and then wrapped it with the omentum. These procedures allowed dense adhesion of the omentum, implanted hepatic tissues and the myocardium. Histological analysis of sections from the H group revealed the hepatic tissues implanted between the myocardium and omentum, and that these tissues contained many capillaries and arterioles. These results demonstrate that the hepatic tissue survived for 4 weeks after implantation and our findings suggest that the implanted hepatic tissue functioned for at least 1 week after the procedure, because RT-PCR of the implanted tissue confirmed the expression of HGF. The infarcted heart cannot supply sufficient blood flow to the implanted hepatic tissue, but the pedicled omentum might improve the survival of implanted hepatic tissue by providing a new blood supply and thus enhance the benefits of hepatic tissue implantation. Harvesting the pedicled omentum and a piece of hepatic tissue through a small laparotomy would be a simple clinical procedure.
Study Limitations
This study has limitations as a means of assessing angiogenic therapy. The acute infarction model used does not represent the widespread chronic myocardial ischemia found in the clinical setting. However, this model enabled evaluation of the effects of hepatic tissue implantation under pro-angiogenic conditions during the healing period after MI. Furthermore, myocardial blood flow was not assessed. Histological findings of increased vascular density do not constitute evidence of increased myocardial perfusion. We plan to assess myocardial blood flow in a large animal model of chronic ischemia.
In conclusion, this study showed that hepatic tissue implantation combined with omental wrapping stimulated angiogenesis, reduced thinning of the infarction wall, attenuated left ventricular remodeling after MI and consequently improved cardiac function. Angiogenesis enhanced by hepatic tissue implantation might be associated with the release of various angiogenic growth factors. We are the first to demonstrate that implanted hepatic tissue promotes angiogenesis and restores cardiac function in an animal model of MI.
